Abstract-this paper presents a modular design scheme for miniature underwater robot used for swarm operations. Both the hardware circuit and the software structure are introduced. In this design, miniature underwater robots are composed of two kinds of modules, namely a core controller and a set of functional modules. The core controller is in charge of running the software that control the robot, while a functional module is an integration of both the hardware circuit and software to perform certain function. General connectors are used to connect a set of functional modules to the core controller, which accelerates the process of robot development. With this design scheme, two kinds of miniature underwater robots named Horseshoe Crab I and Horseshoe Crab II are developed for swarm operations, showing that this scheme can help develop miniature robot in short time and at low cost.
I. INTRODUCTION
As a useful tool for ocean exploration, AUV has gained increasingly attention from research groups from all over the world. Various research have been made on both theoretical and practical application of underwater robot. Compare with a single AUV, a swarm of low cost AUVs can accomplish complex tasks with much less cost. So research on swarm underwater robots has become a hot point in recent years.
In nature, social insects such as ants and bees can emerge high intelligence as a swarm, while individually not. This inspires the research of swarm robotics and much work has been done so far. Theoretical research on swarm robotics has been made in various of domains, mainly biological inspired swarm cooperation control methods, self-organization aggregation, communication between individuals in robot swarms, swarm robotics based mapping and localization, objective transportation and manipulation, reconfiguration robotics, motion coordination and task allocation [1] [2] . Swarm robotics are used as robotic sensor webs [3] . Development of digital simulation platforms or practical robots for swarm operation has also begun. Arvin developed low-cost, open-platform, autonomous micro robot for swarm robotic applications. This robot is tested in both individual and swarm scenarios [4] . Swarm robotic bees are build for multitarget search [5] . Several micro robots for underwater swarm operations have also been developed so far. CoCoRo swarm is composed of multiple miniature AUVs and a floating station [6] [7] . University of Luebeck developed MONSUN-II for swarm missions [8] [9] . And fish robot is developed by Alissa Ully Ashar, et al [10] . This paper introduces a novel module design scheme for miniature underwater robot, which make it easy to develop different kinds of miniature under water robots. In this design, a set of low cost modules with general connectors are designed and developed. Each module is a integration of both the hardware circuit and software to perform certain function. A new robot can be developed by connecting a set of proper modules in short time. The shell can be produced with 3D printer, this can further lower the cost.
The rest of the paper is organized as follows. The hardware circuit structure is introduced in section II, and the software structure in section III. In section IV, AUVs with the name Horseshoe Crab are introduced. These two AUVs are developed with this design. And finally, a conclusion of this design scheme is given in section V.
II. HARDWARE STRUCTURE
From the perspective of the hardware circuit, robots developed in this design scheme is composed of a core controller and a set of functional modules, as is shown in Figure 1 . The core controller is in charge of running control software to manage the robot, while function modules are developed to perform certain tasks. These two kinds of modules are connected with connectors based on UART interfaces. The core controller and functional modules are pre developed. When develop a new robot, one can just pick up the proper functional modules and connect them to the core controller. This means robots for different tasks can be developed in short time with this design scheme. 
A. Design of Core Controller
The core controller is mainly composed of three parts, which is CPU board, power controller and connector manage unit, as is shown in Figure 2 . The control software is running in the CPU board, making decision and controlling the motion of the robot. In the first version of the core controller, this board is based on STM32 MCU, and in the latest version, it is developed based on ARM 9 CPU with Linux system running in it.
The power controller consists of a DC-DC unit, a large capacity polymer lithium-ion battery and a switch. This DC-DC unit transforms the voltage of the battery to provide power supply to the CPU board.
The connector manage unit plays two roles. First of all, it provides extensive interfaces for the CPU board. As is well known, generally CPU board provides limited numbers of UART interfaces, which is usually less than five. However, for a robot, there are always more modules needed to be connected to the core controller, which means the number of connecters need to be increased. In this design, the number of interfaces are expended with STM8 MCUs. Second, this unit helps to manage these connectors, mainly schedule the communication order to avoid communication collision. It also limits the current through these connectors to ensure safety.
The core controller provides a set of general four-pin connectors. Two of these pins are UART based communication interface, while the other two supply 12V power to the functional module.
B. Design of Functional Module
Functional modules are developed for certain tasks. Several different kinds of functional modules have been designed and developed so far, as is shown in Figure 3 . A functional modules is a integration of both hardware and software to perform certain operation. For example, the thruster module consists of an MCU, DC-DC circuit, a motor and motor driver circuit. It also consists of the PID control software that is used to control the rotate speed of the motor. Similarly, in a depth meter module, software is downloaded to its MCU to perform AD transformation. In this way, the core controller can focus on upper layer control, paying less attention to low layer control.
Even though different functional modules has different structures, they usually can be divided into several parts, as shown in Figure 4 . An MCU and corresponding circuit is used to run software that is used to drive and control functional parts. This MCU should be low in cost and small in size. Usually an STM8 MCU or a PIC MCU is adopted. DC-DC unit can transform 12V power supply from the core controller to proper voltage for the MCU and the functional part. The connecter is used to connect the module to the core controller. And the most important part of all, the functional part, is used to perform the desired function. 
III. SOFTWARE STRUCTURE
The software of a robot developed in this scheme includes three parts, which are surface monitor software, robot control software and functional module software, as is shown in Figure 5 . 
A. Surface Monitor Software
The surface monitor software is developed to run in a Android based platform, which can be a tablet PC, or just a mobile phone. The software is used to monitor the status of the robot when it is on the surface of water. Tasks can also be download or data be uploaded with this software. In some cases, this software is used to remote control the robot. As the monitor software is developed based on Android platform, there is a great freedom to design the interface. One interface is shown in Figure 6 . 
B. Robot Control Sotware
The control software of the robot is in charge of making upper layer control decision. The software is mainly composed of four parts. Most important of all, the control software, is based on some intelligent algorithm, controlling the robot to perform desired tasks. Then the API functions are called to assign tasks to each functional module or ask for measurement value. Attention should be paid that these API functions are provided by developers of each functional module. When develop a new robot, one can just use these functions, without taking care of its realization. In fact, these functions are more of a piece of code that transmit command code. Communication software is then called to send command messages to the right connectors, or getting data from them. As there are a number of connectors, connector manage software is needed to schedule the order of communication, avoiding communication collision.
C. Functional Module Software
Functional module software runs in the MCUs in each functional module. These software are developed when a functional module is developed, and should be maintained by developers of the functional modules. Communication software is used to resolve the communication packages, getting the command from the core controller. Then the software that drive and control the functional parts will be called according to the command. For example, It can drive the motor to rotate at certain direction and certain speed, or send communication message to certain target at certain working mode.
When developing functional module, API functions should also be developed. These functions are called in control software by developers of a robot. The functions are mainly used to pack commands into communication packages, which means the developer of a robot do not need to pay attention to the details of software that control a functional module, just calling the function will be enough.
IV. HORSESHOE CRAB ROBOT
Different kinds of function modules have been developed, including thruster, wireless communication module, video recorder and so on. Two miniature low cost AUVs, Horseshoe Crab I and Horseshoe Crab II are then developed with these modules. Both AUVs are developed within one month, and is verified with pool experiments.
A. Horseshoe Crab I
Horseshoe Crab I AUV, as is shown in Figure 7 , is developed to verify this design scheme. This miniature AUV is composed of a core controller, three thruster modules and a Bluetooth based communication module. The surface monitor platform is an Android based cell phone. This AUV can sail according to pre-programmed commands, or be remote controlled by the cell phone when it is on the surface of water.
This robot can be treated as a combination of several independent water resistance cabins, which are a control cabin, two battery cabins, three thruster cabins and a communication cabin. Hardware circuit of modules are sealed into these cabins. The advantages of this design is that if each module is sealed into independent cabins, connection of proper cabins will result in a new robot, without paying attention to design a water resistance shell, which can fast the process of robot development. Once fault occurs, the problem can be solved by replace corresponding cabin. And other cabins can be added to the robot to enhance its performance easily. However, the main disadvantage of this scheme is that the hydrodynamic performance of the robot is poor.
Two thrusters are placed at each side of this robot, providing thruster force of forward and backward. Differential of rotate speed of thrusters will result in changing of voyage direction. Another thruster is placed at the center of the robot, providing the force of up and down. Pool experiment show that this robot has high mobility, with voyaging speed of 0.5m/s and turning speed of 17 /s.
As this robot is developed with pre-developed modules, it is featured by fast development and low cost. This robot is developed within one month with less than 500 Yuan. Most parts of this robot is made with 3D printer, which lower the cost further. 
B. Horseshoe Crab II
The Horseshoe Crab II AUV is more complex in function, while not in structure, as is shown in Figure 8 . This AUV is composed of two water resistance cabins. The smaller cabin placed at the head of this robot has a transparent side surface, so two cameras and a laser emitter is sealed in it. The other cabin is much bigger, so modules are mainly placed in this cabin. Two thrusters are placed at each side of the robot. Just like thrusters in Horseshoe Crab I, they can drive the robot to move at horizontal direction. The other four thrusters are placed vertically to drive the robot to float up or dive down. Two slots are placed between the vertical thruster. They are used to place ballast.
This robot is equipped with more modules, providing it with more functions. Video record module, triaxial accelerometer and other modules endow the AUV with the ability of underwater image collection. The surface monitor software for this AUV is developed based on Android system, which is run on an Android based tablet PC, greatly decreased the development cost.
Despite of the modules used, the main differences between Horseshoe Crab I and Horseshoe Crab II is that the latter gives up independent cabins. This provide Horseshoe Crab II with better hydrodynamic performance. Another advantage is that it will be easier to connect new modules to the hardware circuit of the robot. In this way, Horseshoe Crab II can be used to test modules under development. 
C. Application in Swarm Operations
Horseshoe Crab I and Horseshoe Crab II are designed to form a swarm composed of one Horseshoe Crab II and several Horseshoe Crab I. A visible light based communication module underdevelopment will be equipped to these two kinds of robots, so they can perform some swarm behaviors. In future, a kind of labor division will occur in the swarm composed of the two kinds of robots, where a large number of Horseshoe Crab I will form communication net or search target, and Horseshoe Crab II will execute some complex tasks.
V. CONCLUSION AND FUTURE RESEARCH
The proposed modular design scheme can reduce the time and labor cost for developing micro low cost AUVs, making it easy to develop different kinds of AUVs for swarm operation. The development of Horseshoe Crab I and Horseshoe Crab II show the effectiveness of this scheme. In the following research, we will keep developing more kinds of functional modules to enhance the performance of the Horseshoe Crab AUVs. And research will be made on swarm intelligence with these AUVs.
